. Much less is known about the innate defense mechanisms during cholera that may be involved in the early defense against the infection and also in initiation of the adaptive immune response. Although there is no pronounced inflammation during cholera, in several studies workers have noted increased infiltration of neutrophils, degranulation of mast cells and eosinophils, and production of some innate defense molecules during acute cholera (24, 31, 32) . We previously reported that CT can induce the migration of CD8 ϩ intraepithelial lymphocytes (IEL) from the epithelium to the lamina propria region in the small intestine of rats (12) .
In the present investigation we studied the response of genes expressed in the intestinal mucosa in Bangladeshi cholera patients. By using wide screening microarray chips, covering the whole human genome, we compared intestinal gene expression during acute-phase and convalescent-phase disease. The results showed that many genes coding for secreted proteins implicated as proteins that are involved in the innate defense against pathogens were up-regulated during the acute phase of cholera.
MATERIALS AND METHODS
Study group. In this study we evaluated seven adult male patients who were 18 to 49 years old and had cholera caused by V. cholerae O1 El Tor. All of the patients were treated at the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR, B) hospital in Dhaka, Bangladesh. Physician assessment using the Denver system showed that the patients were severely dehydrated (42) . For microbiological diagnosis, stool samples were analyzed by dark-field microscopy and for reactivity with antibodies specific for the V. cholerae O1 serogroup. To confirm the causative agent of the disease, stool samples were plated on taurocholate-tellurite-gelatin agar and gelatin agar. Suspected vibrio colonies were identified by slide agglutination. Stool samples were also screened for other common enteric pathogens, including both bacteria and parasites (32) , but none were detected. All patients received intravenous rehydration, oral rehydration solution, and antibiotics (five patients were given doxycycline, and two patients were given ciprofloxacin) on the day of admission, which was 1 day before biopsies were first collected. The study was approved by the ethics review committee of ICDDR, B and by the human subjects research board in Göteburg.
Sample collection. Mucosal punch biopsies were collected from the second part of the duodenum, as described previously (31) , on the second day of hospitalization (about 2 days after the onset of diarrhea), which we termed the acute phase. Samples were also collected on day 30 (convalescence), at least 3 weeks after the intestine had recovered from the cholera episode (34, 42) . Biopsy specimens were immediately put into RNAlater solution (Ambion, Huntingdon, United Kingdom) and kept at Ϫ70°C until they were used for isolation of RNA, or they were fixed in buffered formaldehyde and stored at 4°C until they were used for immunohistochemical analysis.
Cell culture and CT challenge. We used the human intestinal epithelial cell line Caco-2 for stimulation experiments with CT (List Biological Laboratories, Inc., Campbell, CA). Cells were grown in Dulbecco's modified Eagle's medium with nonessential amino acids (Gibco, Invitrogen, Stockholm, Sweden) supplemented with 10% fetal calf serum, glutamine, ␤-mercaptoethanol, and gentamicin under a 5% CO 2 atmosphere at 37°C. The culture medium was changed every other day. For the experiments, the cells were seeded into 35-mm wells at a density of 0.6 ϫ 10 5 cells/cm 2 . The cells were grown for 9 days after confluence before stimulation with CT (1 g/ml). Fetal calf serum was not present in the culture medium during CT challenge or during the 12-h period preceding stimulation. For control experiments, we used serum-free medium without CT. The cells were challenged for 18 h before RNA was isolated.
RNA isolation. Total RNA was isolated from RNAlater-preserved biopsies and Caco-2 cells using a GenElute mammalian total RNA kit (Sigma, St. Louis, MO) according to the manufacturer's instructions. The RNA concentration was determined spectrophotometrically, and the quality was checked with an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA). Total RNA was used for real-time PCR (RT-PCR) and microarray analyses.
Microarray experiments. RNA isolated from the cholera patients was converted into labeled target cRNA by in vitro transcription, performed as described in the GeneChip expression analysis manual (Affymetrix Inc., Santa Clara, CA), and was hybridized to an Affymetrix human GeneChip U133 plus 2.0 containing 54,000 probe sets representing 47,000 different transcripts. The hybridization procedure was followed by washing, staining, and scanning, as described in the Affymetrix manual. The resulting images were analyzed with the Affymetrix GeneChip operating software. All probe sets were used for scaling and normalization. Log 2 ratios for all transcripts for the acute-and convalescent-phase samples were calculated for each patient. Two predetermined criteria had to be fulfilled for characterizing a transcript as up-or down-regulated. First, the mean log 2 ratio of the acute phase to the convalescent phase for all patients examined had to be more than 1.0 for up-regulation or less than Ϫ1.0 for down-regulation. Second, to minimize the effect of individual outliers, a log 2 ratio greater than 0.5 for up-regulation or less than Ϫ0.5 for down-regulation had to be observed for at least five of the seven patients.
Relative quantification by RT-PCR. For each sample, we converted 2 g of total RNA into cDNA as described previously (11) . Oligonucleotide primers (Table 1) purchased from TAG Copenhagen A/S (Copenhagen, Denmark) were used for relative quantification with the Applied Biosystems 7500 RT-PCR system used according to the manufacturer's protocol. The glyceraldehyde-3-phosphate dehydrogenase gene was used as a reference gene in all experiments. The relative levels of transcripts expressed as log 2 ratios of acute-phase values to convalescent-phase values for samples from each patient were calculated by using the formula described by Pfaffl (30) . For the Caco-2 experiments a log 2 ratio of the target gene value to the reference gene value was derived for each sample using the same formula. The relative expression values were adjusted so that the mean in the control group was 0.
Immunohistochemistry. Paraffin-embedded duodenal sections from the cholera patients were subjected to immunohistochemical analyses (31) . Before the immunohistochemical analyses, the gross histology of the sections was evaluated by periodic acid-Schiff and hematoxylin staining, which did not reveal any consistent differences between the acute-and convalescent-phase samples. Commercially available monoclonal or polyclonal primary antibodies were used to detect human neutrophil defensins (Novocastra Laboratories Ltd., Newcastle, United Kingdom), CD8 (DAKO, Glostrup, Denmark), CD55 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), lactoferrin, and ␣ 1 -antichymotrypsin (Abcam Inc., Cambridge, United Kingdom). Alkaline phosphatase-conjugated antibodies (Jackson ImmunoResearch Europe Ltd., Soham, United Kingdom) were used as secondary reagents with nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate as the substrate for detection of CD55, lactoferrin, and ␣ 1 -antichymotrypsin. For detection of human neutrophil defensins and CD8, the PAP procedure (DAKO) was used, and the sections were developed using diaminobenzidine as the substrate before they were lightly counterstained with hematoxylin.
Statistical analyses. We used the Student t test to evaluate differences between gene expression in CT-stimulated Caco-2 cells and gene expression in nonstimulated Caco-2 cells. Correlations between gene expression data generated by the microarray technique and RT-PCR were determined with Pearson's test.
RESULTS AND DISCUSSION
All cholera patients studied by whole-genome microarray screening had signs of severe dehydration during the acute phase of illness. Of the 47,000 transcripts covered on the microarray chip, about 21,000 (corresponding to approximately 17,000 genes) were expressed in the intestinal mucosa of the cholera patients. Of these transcripts, 29 were defined as transcripts that were up-regulated and 33 were defined as transcripts that were down-regulated during the acute phase (Tables 2 and 3), as calculated using a threshold value of a mean twofold change and differential expression found in five or more of the seven patients.
In the present study, we found a clear distinction between the highly up-regulated and down-regulated genes. Of the 29 up-regulated transcripts, 21 code for proteins with a known function ( Table 2 ). The majority of these proteins, many of which are secreted, may be functionally grouped as proteins that are part of the innate defense response. Of the 33 downregulated transcripts, 22 code for proteins whose function is known to some extent (Table 3) . Of these, 9 proteins are enzymes and 10 are transporting proteins. In contrast to the up-regulated genes, most of the down-regulated genes encode membrane proteins, and many of these proteins are involved in the metabolism or transport of lipids. For six of the genes, the LPLUNC1 (von Ebner minor salivary gland protein), LF 
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(lactoferrin), TCN1 (transcobalamin 1), CD55, SERPINA3 (␣ 1 -antichymotrypsin), and LCN2 (lipocalin 2) genes, the upregulation indicated by the microarray analysis was examined and confirmed by RT-PCR (Fig. 1) . The correlation between the results generated by the microarray technique and the results generated by the RT-PCR assays was very high (P Ͻ 0.0001; r ϭ 0.93), as determined by Pearson's test, indicating that the microarray data are reliable. Antibacterial response is induced during acute cholera. In order to colonize the small intestine, which is relatively nonpermissive for bacterial growth, V. cholerae must adapt to and counteract many different enteric defense mechanisms. Thus, the V. cholerae ToxR protein, which regulates important virulence factors, including CT production in response to environmental changes, through its regulation of the OmpU porin, also seems to counteract the action of the bactericidal BPI protein, which is distributed on the surface of intestinal epithelial cells (25) . Our finding that the gene encoding the BPIlike von Ebner minor salivary gland protein was highly upregulated during acute cholera might suggest an alternative way that the host defense attacks the outer cell wall of the bacteria (2, 21). Furthermore, the up-regulation of lactoferrin, transcobalamin 1, and lipocalin 2 detected could also increase the protection against V. cholerae. All of these proteins are antibacterial proteins that are known to be secreted from granulated epithelial cells and neutrophils (4, 10, 15, 22, 23) . Lactoferrin has been shown previously to have a strong bactericidal effect on V. cholerae (1) , and this was confirmed in this study (data not shown). In addition, the lactoferrin level is elevated in the mucosa, blood, and stools of cholera patients (31, 32) .
In order to investigate if the observed changes in gene expression during acute cholera were due to direct effects of the secreted CT on the epithelial cells, we tried to extend our array findings to see if we could mimic the effects in tissue-cultured human intestinal epithelial cells exposed to CT. Cultured Caco-2 cells were stimulated with CT (1 g/ml for 18 h), and after this RNA was isolated from CT-treated cells and untreated control cells and expression of the six RT-PCR-confirmed up-regulated genes was analyzed (Fig.  1) by quantitative PCR. The changes in the expression of the CD55 and SERPINA3 genes were also observed in Caco-2 cells exposed to CT, indicating that these effects are triggered at least in part by the action of CT on the epithelial cells during acute cholera (Fig. 2) . In contrast, CT did not induce the expression of any of the four other genes encoding the antibacterial proteins examined in the Caco-2 cell model (data not shown), possibly because the induction effects are restricted to specific epithelial cells, such as paneth cells, or because the expression is stimulated by bacterial components other than CT. Alternatively, the up-regulation of these genes observed in the cholera patients may be ascribed to nonepithelial cells. Neutrophils have been described as cells that infiltrate the mucosa during acute cholera (24, 31, 32) , and increased numbers were also found in the acute-phase biopsy samples in this study (data not shown). However, most of the granular products of neutrophils are preformed before they enter the target tissue, and thus their contribution to the transcriptional profile should be limited (13, 28) . In contrast, the degranulation of mast cells and eosinophils, which has also been observed during the acute stage of cholera (31), may affect the outcome of a microarray analysis, since massive degranulation is likely to be followed by resynthesis of granule products in these cells. Both epithelial and lamina propria cells contribute to the up-regulation of genes involved in the innate defense during acute cholera. The proteins corresponding to three of the upregulated genes, LF, CD55, and SERPINA3, for which we had access to specific antibodies, were studied by performing an immunohistochemical analysis (Fig. 3) . We confirmed previous data showing that the level of lactoferrin was increased in the subepithelial mucosa during acute cholera (31, 32) . Our results also indicate that cells other than neutrophils contribute to the increased expression of lactoferrin, since the number of mucosal cells positive for lactoferrin clearly exceeded the number of mucosal neutrophils detected in this study. In addition, a different localization pattern was observed for the cells expressing lactoferrin compared to the pattern for the neutrophils. The immunohistochemical analysis also revealed increased levels of CD55 and ␣ 1 -antichymotrypsin (Fig. 3) . Both of these proteins seem to be important proteins that protect the mucosa during an immune response by inhibiting the lysis of host cells by the complement system and by inhibiting neutrophil and mast cell proteases, respectively (20, 26) . In contrast to lactoferrin, but consistent with the findings with Caco-2 cells exposed to CT (see above), up-regulation of CD55 and up-regulation of ␣ 1 -antichymotrypsin (SERPINA3) were detected in epithelial cells of the intestinal mucosa, although increased expression of ␣ 1 -antichymotrypsin was also evident in many lamina propria cells, which again outnumbered the mucosal neutrophils detected. Thus, changes in both epithelial Up-regulation of many innate defense factors during acute cholera is mediated via IL-1␤. Two other genes, the interleukin-1␤ (IL-1␤) and SOCS3 genes, which were detected as up-regulated genes during acute cholera, are known to be induced by CT. CT is known to activate IL-1␤ in both macrophages and epithelial cells (5, 6) . In addition, in a recent microarray study, in which a mixture of human monocytes and lymphocytes was stimulated with CT, the workers also detected up-regulation of IL-1␤ (33) . The activation and increased production of IL-1␤ seem to trigger the immediate innate response and to have a potent adjuvant function in promoting a specific immune response (39) . Induction of the SOCS3 gene, which encodes an intracellular protein that is believed to prevent excessive responses to cytokines, is up-regulated in cultivated leukocytes by CT (14) .
As mentioned above, IL-1␤ is a pivotal cytokine and may mediate many of the immunomodulatory effects of CT (39) . Although several previously reported transcriptional effects of IL-1␤ (9) were not observed to be significant up-regulation effects in this study, most likely due to the limited sensitivity of the microarray technique, a number of the observed upregulation effects during acute cholera are probably IL-1␤-induced effects. The up-regulated GDF15, MMP1, MMP3, and SERPINA3 genes are all known to be induced by IL-1␤ (3, 7, 16) . The GDF15 gene codes for growth differentiation factor 15, a member of the transforming growth factor ␤ family that is expressed at high levels in epithelial cells, and, like SOCS3, seems to play a role in limiting the host response (36) . The MMP1 and MMP3 genes encode two metalloproteinases that are secreted in the gut (29) . Thus, it appears that CT may affect innate immunity via IL-1␤ by stimulating many genes that trigger the immune response, as well as genes that protect against immune stimulation that is too vigorous and potentially tissue damaging.
Additional up-regulated genes during acute cholera also contribute the innate defense and protection of the mucosa. Some other up-regulated genes implicated in the innate defense systems are the VCC1, MUC1, SLPI, and CXCL13 genes. The VCC1 gene codes for a chemokine which so far has not been well characterized. The MUC1 gene encodes mucin 1, which contributes to the buildup of the protective glycocalyx layer. The SLPI gene codes for a leukocyte protease inhibitor which, like ␣ 1 -antichymotrypsin, may prevent damage of the mucosa caused by neutrophil proteases (37) . In addition, the SLPI product exerts its protective effect not only by inhibiting various proteinases secreted by the host but also by displaying antimicrobial activity and by being involved in tissue repair reactions (18) . The CXCL13 gene codes for cytokine B13, which is secreted in the mucosa and is chemotactic for B lymphocytes (17) . The up-regulation of this gene, like the upregulation of the IL-1␤ gene, may be important for the initiation of an adaptive immune response against V. cholerae.
Furthermore, the up-regulation of REG1B and the up-regulation of CLD18 may enhance the general protection of the mucosal surface. The REG1B gene codes for the regenerating protein 1␤, a C-type lectin that is induced during inflammation and seems to play a role in mucosal regeneration (27) , whereas the CLD18 gene codes for claudin 18, an integral membrane protein involved in the tight junction-specific obliteration of the intercellular space. Thus, claudin 18 may be important for maintaining the primary cellular barrier in the gut. Only four of the up-regulated genes with known functions, the GP2 and ZNF198 genes and the genes encoding two transmembrane solute carriers, have no obvious role in mucosal protection.
Genes involved in lipid metabolism are down-regulated during acute cholera. The massive inhibition of genes involved in lipid metabolism, including genes that encode enzymes, as well as genes that encode major apolipoproteins, which are constituents of the lipid-transporting plasma lipoproteins, during acute cholera has to our knowledge not been reported previously. However, Wang et al. found that apolipoprotein A-I can bind and inhibit an antibacterial protein/peptide in humans (41) . Down-regulation of the apolipoprotein genes may be a way to potentiate the antibacterial response further. It should also be noted that all apolipoproteins that were determined to be down-regulated proteins during acute cholera are major components of the chylomicrons, which are a type of lipoproteins essential for transport of dietary fats to appropriate peripheral tissues.
Three different cytochrome P-450 genes were determined to be genes that were down-regulated during the acute phase of cholera. This down-regulation may be mediated via bacterial components, since it has been shown that P-450 genes are down-regulated in hepatocytes in response to lipopolysaccharide (8) . It has also been proposed that down-regulation of cytochrome P-450 genes is permissive for elevated levels of leukotriens and prostaglandins, which are inflammatory mediators that have been suggested to play a role during cholera (8) .
Mucosal CD8 ؉ cells have an altered localization pattern during acute cholera. We previously reported that CT can induce the migration of CD8 ϩ IEL from the epithelium to the lamina propria region in the small intestine of rats (12) . In this study a different localization pattern for mucosal CD8 ϩ cells, consistent with the findings in rats, was evident in three of the seven patients. In these patients, numerous CD8 ϩ cells were found in the lamina propria region during the acute stage; this was in contrast to the location in convalescent-phase samples, in which the majority of these cells were found in the epithelium (Fig. 4) . The change in the localization pattern of the mucosal CD8 ϩ cells is not, however, likely to affect the transcriptional profile of the samples, even though this cellular event in rats was originally detected as a reduction in various IEL-associated transcripts by using the microarray technique. A major difference between the study in rats and the present study was that in the former, samples comprising only the upper parts of the villi were analyzed by the microarray technique. This made it possible to detect, by the microarray technique, the migration of CD8 ϩ IEL from the epithelium to the lamina propria region, since the cells predominantly migrated to lower parts of the villi. In the present study, because biopsies comprising the whole mucosa were analyzed, the microarray technique should not have been able to detect a change in the cellular localization pattern within the mucosa. Accordingly, no differences between the levels of IEL-associated transcripts in acute-phase samples and the levels of IEL-associated tran-scripts in convalescent-phase samples were detected in the present study.
Study limitations and perspectives. This study had several limitations that warrant comment. First, it is obvious that the gene expression in the acute-phase biopsies represented only a snapshot of the dynamic transcriptional response in the intestine to cholera infection. However, even so, it is striking how many of the up-regulated genes could be associated with an innate immune defense function and how relatively consistent their up-regulation was in the cholera patients. The argument could be made that since the up-regulation of innate defense genes was observed in cholera patients who were already ill, this response may have little significance in protecting against cholera disease. However, it should be recalled that there are at least 10 cholera-infected persons to each clinically ill patient (34) , and therefore the early activation of the observed (and additional) innate defense genes could play an important role in preventing many infections from causing illness. In addition, the early activation of innate immune defense genes, such as the IL-1␤ gene, is probably very important for initiating the adaptive mucosal immune response that is needed both for terminating the cholera illness and for protecting against new infection and disease (35) .
Since all patients received rehydration therapy and antibiotics before the biopsies were taken, we cannot eliminate the possibility that this treatment was responsible for some of the effects detected in the microarray screening. However, as mentioned above, this study and previous studies have shown that many of the changes detected can be mediated, directly or indirectly, via CT and other bacterial components and are thus probably not due to an effect caused by medical treatment. Nevertheless, it should be noted that antibiotic treatment can cause a massive release of bacterial components from killed bacteria and that this might induce a response that may not be fully characteristic of the natural disease.
On the technical side, it could be argued that in human gene expression studies using the microarray technique workers have often observed great variability and sometimes reported false-positive results due to biological variation and possibly also technical imprecision. However, by comparing material from the acute and convalescent phases (i.e., by using each patient as his own control), we decreased the biological variation significantly. In addition, an excellent correlation was found between data generated by the microarray technique and data generated by the RT-PCR assays, indicating that the data are reliable. A recent joint effort of the FDA and several microarray manufacturers, the Microarray Quality Control study, also showed that there was both a high degree of intraplatform consistency and interplatform concordance when the same RNA samples were analyzed on different microarray platforms at different test sites in parallel (38) . Furthermore, of the seven different microarray platforms tested in the Microarray Quality Control study, the Affymetrix system that was used in the present study generated the most reproducible data with the smallest within-site and between-site variability.
In conclusion, our findings show that during acute cholera infection, a broader range of innate immune mechanisms than previously recognized are activated in the intestinal mucosa, both in the epithelium and in lamina propria cells. Some of the effects are evidently induced by CT, but it seems likely that other bacterial factors also contribute.
